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Abstract 
In the pottery sample which is the replica of the archeological sample, we attempted to get simultaneously not only 
the image by neutron radiography but also the information about elemental components by prompt gamma-ray 
analysis (PGA) at the B-4 beam hole that is usually used for the neutron radiography facility in Kyoto University 
Research Reactor Institute.  It was confirmed that qualitative analysis of elements in the pottery sample was 
successfully performed by PGA at the B-4 beam hole and that PGA is applicable to the large sample analysis for 
inhomogeneous bulk archeological samples in the future. 
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1. Introduction 
Kyoto University Research Reactor (KUR), a 5 MW research reactor in Japan, has worked as the central 
place to support the university researchers using neutron for their studies in the field of analytical 
chemistry, nuclear physics, chemical engineering, mechanical engineering and so on [1-4].  After four-
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year shutdown period for fuel conversion to low-enriched uranium fuel, KUR restarted in May 2010, and 
thereby a new inter-university research project using neutron at KUR also restarted.  During this renewal 
of the reactor fuel, the neutron radiography (NRG) facility was installed at the B-4 beam hole in KUR [5] 
and has operated well after KUR restarted.  
Since neutrons have many advantages for imaging over visible light, X-rays or electrons, NRG has 
been applied to industrial quality tests and to various research activities as a non-destructive imaging 
technique utilizing neutrons [6-8]. The distinctiveness of neutron radiography rests on the characteristic 
interactions between neutrons and nuclei. This leads to some special relationships between the material 
and geometrical properties of an object and the neutron radiographic image. The neutron image provides 
integrated absorption rates of neutron in the object along the neutron path, but no information about 
elemental components for material itself.   
To get not only neutron radiographic image but also information about elemental components for an 
object analyzed, prompt gamma-ray analysis (PGA) which is one of non-destructive methods for 
elemental analysis is advantageous.  Since PGA can use the same neutron beam line as used by NRG, 
installation of the PGA system in the NRG facility at B-4 beam hole in case of KUR enable us to get both 
neutron radiographic image and elemental components simultaneously by using NRG and PGA, 
respectively.  Such techniques as the comprehensive analysis with NRG and PGA has been performed at 
the FRM II reactor, Munich, Germany, and tested on the meteorite sample and the archeological relief 
sample [9-10].  It also could be possible to operate that comprehensive analysis at B-4 beam hole in KUR.   
In this work, we attempt to get the neutron radiographic image and also to get information about 
elemental components simultaneously in the pottery sample using neutron in KUR.  In Japan this attempt 
is the first comprehensive analysis of such a large and archeological sample as the pottery sample with 
NRG and PGA.  It is important to present the results here to share that analysis method with the potential 
users and to promote the inter-university research projects successfully. 
2. Method and facility 
2.1. Prompt gamma-ray analysis (PGA) 
Prompt gamma-ray analysis is one of non-destructive methods for elemental analysis.  Since, in PGA 
objects are irradiated by neutrons, a nuclear reactor is required.  As the non-destructive elemental analysis 
using neutron at research reactors, instrumental neutron activation analysis (INAA) as well as PGA is 
utilized.  PGA is generally applicable to measurement of some light elements such as H, B, N, Si, P, S 
and so on, which were not able to be measured by INAA.  Therefore, PGA and INAA should be utilized 
complementarily.  The principles and methodology in PGA are described in the reference [11].  In Japan 
the PGA system has been established at JRR-3 of Japan Atomic Energy Agency (JAEA) and utilized in 
various field; analytical chemistry, geochemistry and so on [12-13].  However, it is difficult to apply a 
large sample such as a bulky archeological sample to PGA at JRR-3 due to very limited space where the 
samples are placed in PGA. 
2.2. PGA and NRG at B-4 beam hole in KURRI 
Kyoto University Research Reactor Institute (KURRI) has the neutron radiography facility at B-4 beam 
hole, where a supermirror neutron guide tube has been installed [3].  The details of neutron beam and the 
imaging devices for neutron radiography at B-4 beam hole were reported elsewhere [5].  At B-4 beam 
hole, recently, the PGA system has been developed to make it possible to measure some light elements 
described above non-destructively in KURRI.  Since the B-4 beam hole has the end of the supermirror 
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neutron guide and is located outside the reactor room, the B-4 is appropriate for the installation of the 
PGA system which requires low gamma-ray background. Consequently the B-4 becomes the unique 
facility, where not only NRG but also PGA and even in nuclear fission experiments can be performed.  
Additionally, in the B-4 beam hall which has relatively large experimental area, NRG and PGA are also 
carried out simultaneously using the one neutron beam line. 
At the present stage, PGA at the B-4 has been carried out using a single germanium (Ge) detector for 
counting prompt gamma rays and appropriate shielding of lead and cadmium surrounding the detector for 
background gamma-rays and neutrons scattered, respectively.  The analytical sensitivities for H, B, Na, Si, 
S, Cl in PGA at the B-4 of KURRI are still lower than those in PGA at the JRR-3 of JAEA by more than 
two orders of magnitude [14].  The difference in those sensitivities between the B-4 and the JRR-3 is 
mainly due to the difference in neutron flux whose values are 1×107 n cm-2 s-1 at the B-4 under 1 MW 
operation[14] and 1.4×108 n cm-2 s-1 at the JRR-3 [12], respectively.  Those sensitivities also depend on 
the performance of the compton suppression system which lowers background peak in gamma-ray 
counting in order to raise S/N ratio in gamma-ray spectrum [11].  By using PGA at B-4 the content of 
chlorine in JMS-2, which is the reference material of marine sediments and supplied by the Geological 
survey of Japan, was determined.  The measured content of Cl in JMS-2 was shown in Table 1.  The 
certified value of Cl content in the same sample is also included [15].  For JMS-2, the PGA result was 
consistent with the certified value.  Since about 180 mg of JMS-2 was subjected to PGA, it is possible to 
determine about 7 mg of Cl within uncertainties of 15% using PGA at the B-4.  It was confirmed that 
PGA at the B-4 made it possible to determine a few % of Cl in as little as a few hundred mg of sediment 
samples. 
 
Table 1. Measured Cl content in JMS-2 
 
 
 
 
 
 
3. Experimental 
The pottery sample is the replica of the archeological sample, supplied by IAEA. The sample will be 
measured in order to confirm the applicability of large sample analysis by PGA for inhomogeneous bulk 
archeological samples in the future. 
The experimental setup of simultaneous measurements of the pottery sample by PGA and by NRG at 
B-4 beam hole is shown in Fig. 1.  The pottery sample was placed on the neutron beam line.  The CCD 
imaging device in the NRG system [5] was also placed just behind the pottery to minimize blur of the 
image obtained.  The distance between the pottery and the converter of the CCD imaging device was 1 cm.  
The pottery was scanned by the CCD imaging device every 1 cm preliminarily, with moving the pottery to 
the vertical direction of the beam line.  The scanning of the pottery is with the help of a x moving table..  
Generally, high spatial resolution in NRG could be attained by making use of the neutron beam slit.  In 
this preliminary experiment, however, no beam slit was employed.  Also in PGA, neutron irradiation for 
the pottery sample and the counting gamma-ray emitted from the pottery sample are performed at the 
same time.  The high purity germanium detector (HPGe) with relative efficiency of 30% (Canberra) for 
Sample Cl content Certified valuea
JMS-2 3.7±0.5% 4.05 0.02%
a Reference [15]
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gamma rays counting with the lead and cadmium shielding surrounding the HPGe was equipped with a 
distance of 1.3 m from the neutron beam line.   In PGA of this study, prompt gamma rays emitted from 
the pottery in the vertical direction of the beam line are counted by the HPGe through the gamma rays-
collimation with 1 cm width x 7 cm height x 50 cm length.  Consequently, the pottery which was scanned 
by the NRG system was analyzed by PGA system simultaneously.  The measurement time is 10 sec for 
the NRG and 300-1000 sec for the PGA, respectively.  The NRG and PGA in this work were performed 
under 1MW operation of KUR. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Experimental setup for NRG and PGA at B-4 beam hole 
 
4. Results and discussion 
4.1. NRG image of pottery sample 
The aggregate image for a portion of the pottery sample obtained by NRG system at the B-4 beam hole 
was shown in Fig. 2(a).  The picture of the whole pottery was also shown in Fig. 2(b).  If the image of the 
whole pottery is desired, the scanning of the pottery is with the help of a xz moving table.  This aggregate 
image consists of twelve parts from part “a” to “l”, which were obtained by NRG step by step with 
moving the pottery every 1 cm.  This result shows that images of such a large sample as the pottery could 
be relatively clearly obtained by the scanning using NRG at the B-4. 
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Fig. 2. (a) Aggregate image for a portion of pottery; (b) Picture of whole pottery 
 
4.2. PGA of pottery sample 
Two kinds of gamma-ray spectra obtained from PGA of the pottery sample were shown in Fig. 3(a, b).  
The background spectrum, that is, the spectrum from PGA without the pottery was also shown in Fig. 
3(c).  The spectra shown in Fig. 3(a) and Fig. 3(b) was obtained by PGA in scanning the part “f” and “i” 
by NRG described above, respectively.  In each spectrum, the peak of prompt gamma rays for H, B, Na 
and Si were identified.  The peak for B is usually overlapped by the peak for Na as shown in the energy 
range around 470-480 keV.  In Fig. 3(a, b), the analytical sensitivities for H, Si and both B and Na in total 
are also indicated as cps, which means the counts of prompt gamma rays in each peak energy range per 
second.  Though it is difficult to discuss small difference in the sensitivity for each element between the 
part “f” spectrum and the part “i” at the present stage, it is obvious that these two spectra are different 
from the background spectrum in Fig. 3(c), also in terms of the analytical sensitivity.  From those PGA 
results in this work, it is confirmed that qualitative analysis by PGA at B-4 could be applicable to such 
large sample as the pottery sample.  This PGA method is effective for evaluating inhomogeneities in large 
samples.  To perform quantitative analysis by PGA in near future, preparation of the appropriate reference 
standard samples including the known content of each element are required. 
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Fig. 3. (a) Gamma-ray spectrum in PGA of part “f” for pottery; (b) Gamma-ray spectrum in PGA of part “i” for pottery; (c) 
Background spectrum (In PGA without pottery) 
5. Conclusion 
The pottery sample was scanned by NRG and also measured by PGA simultaneously to get the 
information about both images and elemental components of this sample at the same time. The images of 
such a large sample as the pottery could be relatively clearly obtained by the scanning using NRG at the 
B-4 of KURRI.  By PGA, H, B, Na and Si were identified in the pottery.  From the analytical sensitivities 
for those elements obtained from PGA, it is confirmed that qualitative analysis by PGA at B-4 could be 
applicable to such large sample as the pottery sample.  This PGA method is suggested to be effective for 
evaluating inhomogeneities in large samples.   
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